ABSTRACT. Because of wind erosion during the dust bowl era of the early 1930s in the central
The need for a better method to study hydrologic processes became acutely evident when analyses began of the more than 10,000 man years of natural rainfall plot data used to develop the Universal Soil Loss Equation (USLE). The USLE was first presented by Walter Wischmeier at the World Congress of Soil Science in Madison, Wisconsin, in 1960 (Wischmeier, 1960 . The variability in the time/intensity differences between natural rainfall events made the interpretation of the data nearly impossible, and only parts of the data set could be used to construct each of the "empirical" factors in the equation (Wischmeier, circa 1985, personal communication with L. D. Norton) .
In order to study more "process" based parameters based on the physics of rainfall, a "rainulator" was developed and first documented by Meyer and McCune (1958) using a pressure nozzle system studied by Meyer (1958) . The other alternative to the pressure nozzle system is the capillary drop former simulators that require acceleration due to gravity to approach the kinetic energy (KE) of natural rainfall. These simulators will not be discussed in this article. The objective of this article is to describe relevant advances in the historical development of the pressure nozzle simulator technology in the United States and describe principal design improvements that allow them to be used in a wider range hydrological studies.
HISTORICAL DEVELOPMENT OF RAINFALL SIMULATORS
The so called Meyer-McCune pressure nozzle simulator was used to further develop parameters of the USLE which was published by Wischmeier and Smith (1965; 1978) . This simulator was later used in the first Earth Day in the Washington, D.C. mall, and retired to the Smithsonian Institute. This simulator was based on the pressure nozzle system studied by Meyer which was an 80/100 VeeJet nozzle (Spraying Systems Co., Wheaton, Ill.) which when operated at 6 psi and 8 ft of height produced about 75% of the KE, of a 24-h 2-yr return storm typical of the Midwest United States. Because this nozzle produced far too much volume of water at this pressure to be held in a constant position it was moved slowly across the plots, generally 11 m long by 3 m wide or one half of a unit plot described by Wischmeier and Smith, (1965) to produce a 2-in./h rainfall intensity. The movement was produced by a constant speed motor that would reverse directions when the nozzle reached the end of the plot. There were severe mechanical problems with the simulator, and a considerable infiltration recovery time before the nozzle returned to the same area making the data difficult to relate to actual hydrologic processes.
T
Other researchers also developed rainfall simulators during this time period. Most notably was Swanson (Swanson, 1965) who presented a rotating boom (mast) type simulator that became more widely used than the Rainulator of Meyer and McCune (1958) and was used to later collect the hydrologic data for the Revised USLE (RUSLE, Renard et al., 1997) , and Water Erosion Prediction Projects (WEPP, Lane and Nearing, 1989) models. This simulator used the same nozzle as the Rainulator and had a more reliable water delivery system, however it had some of the same limitations of as the Rainulator and was very heavy to be used in wet field conditions. Both the Rainulator and the Swanson Simulator had very limited rainfall intensities and a maximum plot size. Neibling et al. (1981) presented the design for a modular programmable simulator that had a variable plot size and a wide range of rainfall intensities that could be programmed using a timer to change intensities during an event in fixed time steps. This simulator consisted of self-contained troughs that contained a pump and a drive motor to oscillate the nozzle over an opening in the box-like trough to control the intensity. In order to cover one-half of a unit plot length a total of eight troughs needed to be suspended over the plot. The first troughs were made of steel sheeting and when filled with water were very heavy and nearly impossible to use in the field. Later versions were made of aluminum, including the frame holding them over the plot making field use possible. The number of drive motors and pumps necessary to operate this simulator and the large power requirement and volume of water consumed made this simulator expensive and cumbersome to use. Also, because this simulator had a total of eight motors and eight pumps, there were frequent failures under field conditions. Another limitation was the open design of the water recycling troughs allowing for entry of insects and trash that were pumped along with the water into the nozzles causing frequent plugging.
Seeing the limitations of both the Swanson and the Neibling-type simulators, other researchers began to improvise and improve designs for delivery of water to field plots. Meyer (1994) states "Early rainfall simulators were rather crude in comparison with today's standards because little information was available on rainfall characteristics. In particular scientist had not recognized the importance of raindrop impact on soil detachment." These early simulators, including the Meyer-McClune, Swanson, and Neibling types, may have taken into consideration limited information on rainfall characteristics from a limited climate and considered only the kinetic energy considerations of raindrop detachment. The fact is that an erosive storm is almost like a snowflake in that no two are just alike. Knowing the tendency towards a mean and standard deviation of the rainfall time intensity functions of natural erosive rainfall one can at least standardize rainfall intensity for a certain return period for an area. Typically this varied between 40 and 100 mm h -1 for these simulators. The desirable characteristics of rainfall simulators listed by Meyer (1994) included: S Drop size distribution near that of natural rainstorms. S Drop impact velocity near those of natural raindrops. S Intensities in the range of storms for which results are of interest.
S Research area sufficient in size to represent treatment, and conditions being evaluated. S Drop characteristics and intensity of application fairly uniform over the study area. S Raindrop application nearly continuous throughout the study area. S Angle of impact not greatly different from vertical for most drops. S Capability of applying the same simulated rainstorm (s) repeatedly. S Satisfactory rainstorm characteristics when used during common field conditions, such as high temperatures, and moderate winds. S Portability for movement from one research site to another. Meyer (1958) introduced the term Relative Erosivity (RE), the ability of simulated rainfall to erode soil as compared with natural rainfall:
where V s and V n are the velocity of raindrop impact by a rainfall simulator and natural rainfall, respectively. Relative erosivity of close to 1.0 is desired in erosion research. While the Meyer-McCune, Swanson, and Neibling simulators used the VeeJet nozzles and were designed to perform erosion experiments on plots as large as one-half of a unit USLE plot, other simulators were being developed to measure infiltration processes on smaller plots (e.g. Bertrand and Parr, 1961; Morin et al., 1967) . A workshop was held by the USDA-ARS on rainfall simulation in March, 1979 to discuss the different types of simulators available at that time, and the advantages and disadvantages of each (USDA, 1979) . In a later paper, Meyer (1994) summarized developments to the time of its publication.
The need for simulators with variable intensity became evident as research progressed. The Neibling programmable rainfall simulator was somewhat capable of providing variable intensities but the time steps were rather coarse, and only allowed the intensities to be stepped in long time intervals. The Kentucky simulator was similar, and had several mechanical improvements including wheels to make its movement from plot to plot easier (Moore et al., 1983) . Miller (1987) described a small solenoid operated pressure nozzle simulator that could provide variable intensity by opening, and closing the solenoid over a stationary nozzle.
Another concern for the large, expensive simulators was the amount of water consumed during a rainfall. Because of the large area of a ½ unit size USLE plot, a considerable amount of water was used. The weight of the simulators and the water movement requirements of the large simulators made their use impossible except on the most modest of slopes where erosion hazards were low. Because of the weight and the amount of water used these simulators would literally sink in mud under their own weight. Researchers recognized this limitation, and Wilcox et al. (1986) developed a small portable simulator with low water requirements that could be used on steep slopes on plots of 1 meter square. This simulator was developed for use in mountainous areas with steep slopes in order to provide some baseline data.
DEVELOPMENT OF THE PORTABLE CONTINUOUSLY VARIABLE INTENSITY LINEAR (NORTON) SIMULATOR SPECIAL CONSIDERATIONS
Previous simulators covered large areas, and required great volumes of water to conduct a rainfall simulation, and since using good quality water was impractical, the effect of water quality on raindrop detachment, and surface sealing was often ignored (Norton et al., 1991) . The fact is that natural rainfall, even acid rain, is very low in electrolytes, the result of a natural distillation process. The interaction between the low electrolyte rainfall and that used in rainfall simulators was not even considered with these simulators because such a large quantity of water was used to perform an erosion experiment in both the field and the laboratory. Later research found that simulating rainfall with water conductivity similar to natural rainfall had a dramatic influence on surface sealing and raindrop detachment, and the results using the same nozzle and intensity were drastically different with water of different quality (Norton et al., 1993; Flanagan et al., 1997a and 1997b) .
Based on a review of the literature, a new simulator addressing some of the limitations was developed and constructed in 1990 at the USDA-ARS National Soil Erosion Research Laboratory at Purdue University (West Lafayette, Ind.). The simulator design drew heavily upon previous work conducted at Purdue University and other locations, both nationally and internationally. The criteria for the design included: S Kinetic energy and drop size comparable with the previous simulators that collected the greatest volume of published erosion data. That is, the Meyer-McCune, the Swanson, and the Neibling type simulators and their variations using the pressure nozzle VeeJet system of Meyer (1958) . S Continuously variable intensity so that any type of design storm could be applied by a preprogrammed rainfall/time intensity distribution. This meant use of a portable laptop computer technology. S Low water use requirements so that water of similar quality to that of natural rainfall for the area could be used to collect data. S Plot size had to be capable of collecting the three soil erodibility parameters for the WEPP Erosion Model [interrill erodibility, rill erodibility, and critical hydraulic shear (Lane and Nearing, 1989) ]. S Lightweight and capable of being hauled in a small vehicle for use in all kinds of terrain and moved with few people. S Low electrical requirements to allow use without power lines of large generators. S Reasonable cost for wide use adoption..
Based on these criteria, a simple simulator was developed using an aluminum frame commercial ladder that broke apart into sections to hold the oscillating 80-100 VeeJet nozzles. The system of water delivery was the same as that of the Neibling simulator except that the nozzles were oscillated across the slope rather than up and down the slope. The nozzles were also placed in a line with the overlap optimized by experimentation of the spatial distribution using a continuous series of 15-cm diameter collectors with the nozzles operating at 2.4 m (8 ft) above the plot [a height established by the Meyer-McCune simulator for kinetic energy considerations as well as the 41.4 KPa, (6 psi pressure for operating the 80-100 VeeJet)]. The distance found and presently used was 136 cm. At this height, pressure, and nozzle distance the simulator operating at 70 cm h -1 gave a variance of ±10 mm h -1 over a spacing of 6 × 0.75 m wide. The intensity increase did not increase this variation because the intensity was controlled only by the number of sweeps over an open area. The first small simulator was constructed in 1990 and tested in the field in 1991 in India. This simulator with seven nozzles for a 100-mm h -1 storm operating for 1 h used about 700 L of water to fill the supply pump, the hoses, and to operate the simulator. Considerable error between the target intensity and the actual intensity exists because of variation in wind conditions. And even though windscreens can be used to minimize the deviation the actual intensity must be measured as with all simulators.
The purpose of this article is not to provide sufficient detail to reconstruct this type of simulator but to provide sufficient detail to understand its design and potential uses. Detailed drawings, computer program, electronic diagrams of the controller, and parts lists can be obtained by contacting the senior author at the USDA-ARS National Soil Erosion Research Laboratory (norton@purdue.edu). Units are also constructed and sold for commercial use by various machine shops using the public domain information. Figure 1 is a laboratory version of this simulator and is similar to the field version first tested for use in the Himalayas. The first field simulator had lightweight aluminum legs that attached to the ladder at variable angles so the simulator could be properly placed up and down steep slopes easily ( fig. 2) . The intensity was controlled by a simple program running a PC that reads a time intensity data file, and continuously varies a pulse output through the parallel port interfaced to a box which amplified the signal. Based this signal a charge is sent to energize a solenoid ( fig. 3) to allow a clutch brake type system (Neibling et al., 1981) to sweep the nozzles left, and right along the line. The clutch brake allowed the continuously running drive motor to turn one revolution, and the sweeping was accomplished by an adjustable length push rod attached to a sweep. The range of intensities with the constraints at this height and pressure for the proper kinetic energy of the raindrops varied from 0-130 mm h -1 with a single simulator. Greater intensities could be obtained by overlapping coverage from two simulators, adding more nozzles in line, or using larger 80-150 VeeJet nozzles. The maximum length the simulator could cover was 6 m long × 1 m wide but the intensity dropped considerably on each edge due to geometric angular effects on the edges. Paige et al. (2003) modified the sweeping to be conducted by stepping motors which varied the speed near each edge to improve the intensity distribution, and increase the width of coverage of a single line up to 2 m wide. They also added solenoids which were programmed to control the nozzle spray on time and extend the range of possible intensities. The electronics, mechanics, and programming involved was much more complicated than this linear design but it improved the water delivery and extended the range of intensities. Other important aspects of this variable intensity simulator are given in Paige et al. (2003) .
Relative erosivity of the rainfall nozzle was determined by Meyer and McCune (1958) . They stated the mean drop size of the simulated rain was about 2.2 mm, given the height above surface of 2.5 m and the pressure of 6 psi (41.4 kN m -2 ) at the nozzle. The velocity, Vs, of this drop size upon impact was 8 m s -1 , which was nearly equal to the Vn for the mean drop size of natural rainfall (2.5 mm) at terminal velocity. The KE of this rainfall simulator was calculated to be 2.7 KJ m -2 , and the relative erosion using equation 1 was 0.76 for a 64mm h -1 natural rain storm with a 24-h/2-year return probability storm for West Lafayette, Indiana.
De-ionized (DI) water was stored in a small tank at the bottom of the plot which also served as a return reservoir for the excess water collected during a dead time when the nozzle was not sweeping over the opening which allowed it to fall on the plot (fig. 2 ). This water flowed by gravity along the slope through a PVC lightweight tube bank into the storage tank. The simulator was supplied with DI water by a small electrical pump running off a small 3500-W generator that also powered the single drive motor of the simulator, the computer, scales, and other minor electrical consumption equipment such as an electronic balance. The only moving part of this simulator included the electric drive motor and the electric supply pump. Another improvement over the Neibling-type trough simulators was the introduction of the water from the top of the nozzle simulator (Meyer and Harmon, 1979) . This improved the distribution of the rainfall across the VeeJet nozzle fan compared to the Neibling-type simulator where the water was introduced from the side. In addition, each two nozzles of the simulator were pressurized from the center in order to minimize pressure head loss that otherwise could be considerable on steep slopes. The resultant water improvements in water delivery and pressure design resulted in a reduced variation over the plot area. However, it should be noted that new nozzles themselves had a variation of greater than ±5%. Therefore, the nozzles had to be screened prior to installation to find nozzles with similar water delivery. Also, the brass nozzles changed over time with using DI quality water, whereas stainless steel nozzles where found to change much less over time. A screen to block the wind ( fig. 2 ) was required at the field even in low wind velocity because the rainfall intensity was greatly reduced from the programmed amount due to drift of the smallest drops. These improvements allowed research experiments to be conducted under more controlled and reproducible conditions than previously possible, and with fewer resources and set-up time. It also allowed for detailed studies of rainfall distributions (e.g. Zhang et al., 1997; Savabi et al., 2004) to be conducted.
Due to the demand for the technology, the design were provided to a private machine shop that now constructs an improved design of the simulator and provides them to researchers all over the world. Although the exact number of this type of simulator is not known, they exist in several countries and every continent of the world. A partial table of some of the institutions using the simulator and their applications are given in table 1.
MAJOR APPLICATIONS USING THE LINEAR SIMULATOR
The simulator has been used in a variety of applications in hydrological studies. Table 1 is just a few of the institutions around the world that have taken advantage of the improved design and purchased or constructed their own unit with assistance from the USDA-ARS National Soil Erosion Research Laboratory. Many other units are known to exist and the unit has been the inspiration of other modifications and improvements around the country such as the unit described by Paige et al. (2003) and a recently installed unit in the Civil Engineering Department at the University of Central Florida (Stormwater Management Academy, 2009) . Some units and the type of studies that they are being used in are described next. Savabi et al. (2004) used the rainfall simulator to measure storm runoff, soil water retention curve, and soil erosion for the dominant soils in south Miami-Dade County under different water table regimes. The rainfall simulator enabled the study to be conducted in one summer, and to simulate 0.5 h, 100 yr storms in south Florida that is 13 cm h -1 . The results of this study helped water management planning that may result after alteration of the south Florida hydrology by restoration effects in Everglades Nation Park.
Florida Everglades

Semi-Arid Central Mexico
The University of Queretaro (Queretaro, Mexico, Dept. of Civil Engineering) has used this rainfall simulator in numerous graduate studies and other projects related to runoff and infiltration relationships for semi-arid Mexican soils. Several research studies have been conducted specifically on the use of soil amendments to reduce runoff risk and to improve soil moisture retention and availability. Results from these studies have been used in GIS-based evaluations of water resource potential for many municipalities in Central Mexico.
Erosion Control Testing
A major testing facility has been established in the Civil Engineering Department of the San Diego State University with several of these rain simulators for use in testing materials for erosion control specifically on steep slopes representing road bank cut and fill slopes. A major study was conducted on materials for use by Cal-Tran to meet court-ordered erosion control targets for highways in California.
Soil Roughness Research
The Agricultural University of Vienna (BOKU) has established an erosion testing facility in the hydraulics faculty with this simulator and other sophisticated micro-topography measurement equipment to study the effect of kinetic energy of rainfall on the change of surface roughness, sealing and other erosion processes. More recently studies involving the loss of nutrients and other agricultural chemicals in runoff have been conducted.
Tropical Soil Erosion
The Federal University of Santa Maria (UFSM) Soil Science Department (State of Rio Grande do Sul, Brazil) has used this simulator in field studies on erosion processes, soil amendments for erosion control, and the effect of various management systems on controlling soil erosion in tropical soils. The effect of compaction of soils in no-till and other tillage systems has been evaluated in its role in the erosion process.
Steep Slope/Gully Initiation
The Beijing Normal University and Chinese Academy of Sciences have used many of these simulators in studies on very steep slopes to evaluate erosion processes and gully initiation in many management systems in the highlands around Beijing City. These studies were aimed at improving erosion control in the mountainous semi-arid region and for the "greening" of the landscape prior to the 2008 Olympics to be held there.
Demonstrations of Erosion Control
The Minnesota Department of Agricultural has purchased several of these units to be used in extension/education programs around the state to demonstrate the effectiveness of soil management systems on controlling erosion and reducing erosion. These simulators have been used in a number of projects related to improving soil and water quality.
Teaching
Many of the universities in the world such as the University of Tokyo have these simulators and are using them in both undergraduate and graduate level classes to teach students various aspects of soil erosion and water quality concerns. Some have used them as specific labs to quantify erosion and water quality, and to simulate various erosion control methodologies for the students.
SUMMARY
In this article we have described the relevant advances in the historical development of simulator technology in the United States. We have also described principal design improvements that allow newer simulators to be used in a wider range of rainfall-runoff and erosion studies, and we have given examples of those uses. The simulator described provides a low relative cost alternative to other large complex rainfall simulator designs that enables soil erosion and water quality data to be collected for a wide range of objectives under extreme conditions. It is reliable and flexible in that it can be programmed to simulate any type of storm event up to design limitations of the maximum intensity. The unit is lightweight compared to other simulators used in the past, has fewer moving parts, and uses less water so that water of similar quality to natural rainfall can be used. This unit was originally designed to collect the erodibiltiy parameters for the WEPP soil erosion model, but has been used in many other applications all over the World. This simulator has allowed many more researchers to be able to study soil erosion and hydrological processes.
RECOMMENDATIONS
As nothing is perfect, this simulator design can be improved upon. One consideration is that the original 80-100 VeeJet nozzle has limits on the ability to conduct experiments with rainfall typical of different environments. Little work on kinetic energy of natural erosive storms has been conducted since the 1950s, and with the advance of technologies there exists many possibilities to measure the kinetic energy of single drops as well as their distribution in space and time during an erosive storm. Nozzles can now be designed to better provide the desired drop size characteristics. The nozzle deliver system chosen to more accurately simulate the physical characteristics of the rainfall needs to be carefully considered. Likewise, the water of a similar quality to natural rainfall must be used in order to simulate accurately the data observed in natural rainstorms.
